A useful strategy to improve disaster risk management is sharing spatial data across different technical organizations using shared information systems. However, the implementation of this type of system requires a large effort, so it is difficult to find fully implemented and sustainable information systems that facilitate sharing multinational spatial data about disasters, especially in developing countries. In this article, we describe a pioneer system for sharing spatial information that we developed for the Andean Community. This system, called SIAPAD (Andean Information System for Disaster Prevention and Relief), integrates spatial information from 37 technical organizations in the Andean countries (Bolivia, Colombia, Ecuador and Peru). SIAPAD was based on the concept of a thematic Spatial Data Infrastructure (SDI) and includes a web application, called GEORiesgo, which helps users to find relevant information with a knowledge-based system. In the article, we describe the design and implementation of SIAPAD together with general conclusions and future directions which we learned as a result of this work.
Introduction
In South America, the Andean region presents conditions that make information management a priority in disaster risk reduction strategies. This is mainly due to the significant frequency of occurrence in this area of potentially disastrous natural phenomena (earthquakes, volcanoes, floods, etc.) together with a growing vulnerability as the urban population expands without appropriate planning. As an answer to this need, the Community of Andean Nations, which includes Bolivia, Colombia, Ecuador and Peru, developed the Andean Strategy for Disaster Prevention and Relief as a legal framework implemented by the Andean Committee for Disaster Prevention and Relief (CAPRADE) . In this context, a project called PREDECAN (Prevention and Mitigation of Disasters in the Andean Community), supported by the European Union and the Community of Andean Nations, was developed with the main goal of building capacities for disaster risk prevention in the Andean Community, in direct relation to the Hyogo Framework for Action -2015 (ISDR, 2005 .
One of the goals of this project was the creation of an Andean Information System for Disaster Prevention and Relief (SIAPAD is the acronym of the Spanish name Sistema de Información
Andino para la Prevención y Atención de Desastres), an initiative oriented for providing tools for information discovery and visualization, and to facilitate access to the information by various technical organizations of the Andean countries participating in the initiative. We conceived and developed the SIAPAD system following a decentralized architecture based on the concept of a Spatial Data Infrastructure (SDI) (Coleman, McLaughlin, 1998) .
SIAPAD can be considered a pioneer information system in this field. Since the implementation of this type of system requires a significant cooperative effort among different types of organizations (37 technical organizations in the case of SIAPAD), it is difficult to find similar complete and sustainable full implementations of a distributed system for disaster prevention and relief in a multinational region of developing countries. The aim of this article is to describe the technical decisions that we made and the methods that we designed to develop SIAPAD, together with general conclusions and future directions which we learned as a result of this work. By doing so, we aim to promote the application of this type of technical solution, which could contribute to the final goal of decreasing the risk of disasters, especially in developing countries, with consequent important social and economic positive impacts.
In this article, we first describe our general design of SIAPAD as a decentralized network following the concept of a SDI. Then, we present the GEORiesgo web-based application, the component of SIAPAD that facilitates information access with an innovative knowledge-based thematic search engine. After this, we describe details about the implementation of the serviceoriented architecture and the participating organizations. Finally, we discuss related work, the main achievements and future lines work.
The SIAPAD Information System
As recognized worldwide, sharing spatial data can significantly facilitate the task of disaster management, since most information about disasters has a spatial nature (Amdahl, 2002; Bruzewicz, 2003; Donohue, 2002) . Geographic information systems and the internet are useful mechanisms that can facilitate information exchange about disasters (Peng, Tsou, 2003; Crossland et al., 1995; Mansourian et al., 2006) . However, usually there are difficulties with the collection, access, dissemination and usage of required spatial data for disaster management (SNDR, 2002) . In the particular case of the Andean Community, we especially confirmed these types of problems after analyzing existing information systems related to disaster risk management, at the beginning of the PREDECAN project (Molina, 2006) . Our analysis showed that national governmental organizations and other organizations in the Andean Community individually collect relevant information useful for disaster risk management. However, it was usually difficult to access these sources, or even to know of their existence. In addition, many institutions lacked the policy, equipment, software and human resources needed to implement appropriate information systems.
As an answer to this problem, we defined the following main requirements for the development of SIAPAD: (1) decentralization, to offer appropriate autonomy and independence to information producers (e.g., the different institutions managing civil defense, meteorology, seismology, demography, etc.), (2) accessibility, to facilitate access to the available information about disaster risk management by different types of users (e.g., analysts, researchers, educators, general public, etc.), and (3) sustainability, to implement a sustainable technical solution, with acceptable costs according to the conditions of developing countries of the Andean Community, furthermore flexible to accept changes and to allow the inclusion of new components in the future. According to these requirements, we designed the SIAPAD system making the following technical decisions:
 Decentralization is supported by a distributed architecture with two levels: server nodes and facilitator nodes. Server nodes publish institutions' local information resources (e.g., maps) and metadata to the internet. Facilitator nodes provide tools for information searching and visualization for a variety of users. The decentralized architecture was designed following the concept of a thematic Spatial Data Infrastructure supported by international standards, for example ISO (ISO, 2006) , INSPIRE (European Union, 2007) and ORCHESTRA (Denzer et al., 2005) . This design follows the idea of a Service-Oriented Architecture (SOA) based on the distribution of data and metadata across a network of nodes, linked through standardized web services which promote interoperability. With this architecture, each server node is a provider that creates its own web services and publishes their interfaces and access information. The facilitators (and potentially other web applications) are service clients that locate entries in the servers' metadata catalogues for binding and invoking their web services. In the case of SIAPAD, this SOA approach was extended by adding digital documents and institutional web pages to the metadata catalogues, so that any information related to disaster management could be found and accessed.
 Accessibility was facilitated with the development of a web-based application (called GEORiesgo), with a particular version for each country (Bolivia, Ecuador, Colombia and Peru). In order to provide easy access for different types of users, the web application provides a thematic search engine that helps users who are not familiar with the information sources. This search engine is described in detail in section 4. Accessibility was also facilitated using a geographic visualization tool that integrates maps based on geographic references, which is an appropriate integration scheme since most information about disasters has a spatial nature.
 Technical sustainability was facilitated by using open source tools . This is especially important in the Andean Community, a region with limited resources for system development and maintenance. In particular, using open source tools made it easier for information producers to inexpensively publish information. Technical sustainability was also promoted by designing and implementing an open architecture for the thematic search engine. This engine uses a configurable model to support the search (see section 4).
System administrators can modify the content of this model with a convenient software tool, in order to tune or extend the capabilities of the search engine. Figure 1 shows the distributed architecture of SIAPAD with the two types of nodes: server nodes and facilitator nodes. Server nodes are set up at the different national institutions that generate useful information for planning and executing tasks oriented to risk management, e.g. civil defense, geophysics or hydrometeorology. Each local institution is responsible for producing and maintaining the information that it administrates. Furthermore, four national facilitator nodes are set up for Bolivia, Colombia, Ecuador and Peru. Each facilitator has a national version of the same web application to search and visualize the information. This web portal provides direct access to the information resources and metadata of the corresponding country and also allows for multi-national searches by accessing the information collected by other facilitator nodes. Facilitator nodes share a common search model to support the thematic search (see details in sections 4 and 5) and, as mentioned above, the model can be modified by administrators to include nation-dependent search options and terminology. 
The web application GEORiesgo
An important component of the SIAPAD architecture is a web-based application for information search and visualization. This web application is called GEORiesgo (riesgo means risk in Spanish) and operates at the facilitator nodes, providing mechanisms for information discovery and visualization. In order to maximize information access, the web application was designed for a wide range of users. This includes both users who are familiar with disaster risk management tasks and also the general public (either from the Andean Community or any other international users). For instance, SIAPAD is directed to decision makers (in local or national governments), territorial planners at the technical level, persons in charge of preparation for and operational attention to disasters, scientific researchers, educators, the media, etc. The web application includes two main components:
 A thematic search engine that guides users through the data search process using a knowledge-based approach (see next section for more details). The search engine translates search goals expressed in language more familiar to general users into search expressions with specific keywords closer to available information sources. Figure 2 shows the initial window to formulate search goals.
 A geographic viewer that integrates and visualizes geographical information, which is particularly important in the context of disaster risk management. GEORiesgo finds and integrates geographical information from different sources, taking into account that they can contain different geographical representations (e.g., different coordination systems). 
The thematic search engine
The GEORiesgo application includes a thematic search engine that follows a knowledge-based approach to guide users through the data search process. When users look for information with a search engine, they usually provide a keyword or, in general, a search expression (a set of keywords in a logical expression) and the search engine finds metadata that matches the search expressions. This kind of search is useful to find information especially when the user is familiar with the domain language. However, general users are not always familiar enough with domain languages to write appropriate keywords and search expressions. In the domain of disaster risk management, this happens, for example, because some institutions or software products in the Andean Community are not known by all users. Accordingly, we designed a thematic search engine that automatically generates search expressions with appropriate keywords.
Our method follows a task-oriented approach. This approach assumes that it is easier for users to express what they want to do instead of what they want to search. We distinguish between the user language and the search language. The user language is closer to the information role that defines what the information is needed for, within a particular context that is familiar to the user. On the other hand, the search language includes technical terms and specific names about information sources. For example, the inventory of earthquakes in a particular geographic area could be found with specific keywords such as DesInventar (the name of a web-application with this information) which may not be familiar to general users. In this case, users could express more easily what this information is needed for. For example, the inventory of earthquakes could be used to analyze vulnerability of the geographic area (in the context of territorial planning) or for scientific geologic research work in the area.
With our search engine, users define their search criteria using special windows (Figure 4 ). In these windows, users formulate search goals related to the information purpose (e.g, a task to be done, a user role, a category of risk management process, etc.) as well as spatial and temporal constraints. Our method translates the search criteria into specific search expressions formulated as a set of keywords in a search expression ( Figure 5 ). This figure shows an example of search expression where the keywords are proper names of web applications (e.g., DesInventar) and organizations in the area (e.g., Ingemmet and IOP). 
Figure 5: Example of translation from the user language to the search language. Table 1 shows logic predicates that correspond to the formalization of the search criteria in the user language. Some predicates were designed for specific types of users. For example, the predicate UserTask (x, y, z) , which represents a typical task, can be useful for users who are not familiar with the vocabulary of disaster risk management. Figure 6 illustrates how our method generates search expressions. The method includes three main inference steps: (1) check, to check valid search queries and, if necessary, ask the user for additional information, (2) translate, to generate initial search expressions, and (3) expand, to expand search expressions with synonyms and more specific terms, as it is done for example by Buttcher et al. (2004) . In this example, the user initiates the search with two search criteria (a user task and a phenomenon) and, then, when the system asks for additional information, the user specifies a particular geographical area.
Search criteria Description
UserTask (x, y, z) Task to be done by the user, where x is the role of the user (planner, scientific, etc.), y is a typical task performed by this type of user, and z is a typical question that the user needs to answer to perform the task.
RiskManagement(x, y)
Disaster risk management process, corresponding to typical categories used in theories of this domain. Here, x is a general theme related to disaster risk management, and y is a risk management process.
Phenomenon(x)
Category of physical phenomenon (earthquake, flood, etc.) in which the information is classified. Here, x is the name of the category.
SpatialFilter(x)
Geographical area, where x is an array with four values: minimum latitude, maximum latitude, minimum longitude, and maximum longitude.
TimeFilter(x)
A time interval defined with an initial date and a final date.
Toponym(x)
Geographic place, were x is the name of the place considering different scales (e.g, city, region, country, etc.).
2. Required search criteria (to be asked to the user) in-domain retrieval tasks (Lupu, et al. 2009 ).
The four national facilitator nodes share the described search model. The model representation accounts for nation-dependent terminology, such as differences in proper names or certain nouns (for example, the term huaico is used in Perú for avalanche). Users from one country can use their own national terms to find relevant information in other countries (where different terms were used to categorize the information). Table 2 shows the number of keywords and search expressions of the initial generic version of the model. To facilitate the sustainability of the system, the system administrator of each node can modify the model with the help of a web tool. The tool provides a user-friendly user interface that helps administrators to make changes and keep the consistency of the complete model. Table 2 : Number of keywords and expressions of the search model.
Elements Number

The implementation of the Service-Oriented Architecture
We designed SIAPAD as a Service-Oriented Architecture following the principles of a Spatial Data Infrastructure, with data and metadata distributed across a network of nodes (facilitator nodes and server nodes), and linked through standardized web services which guarantee interoperability (figure 7). SIAPAD uses two basic types of services: discovery services and visualization services. For these services, we followed the standard specifications established by The facilitator nodes, which are installed at the institutional members of CAPRADE in each country (one per country), host customized versions of the GEORiesgo application. Each facilitator also hosts a national catalogue with metadata records that are harvested by an automatic process from the institutional catalogues at the server nodes. For this purpose, the facilitator nodes host a catalogue server, with the role of managing the catalogue (harvesting, permissions, editing) and publishing the CSW search service. With this approach, the national catalogues are accessible via CSW not only by the GEORiesgo application but also by other SDI clients.
The search engine of the GEORiesgo application uses the CSW service at each national facilitator node to search for metadata records in the national catalogue hosted in the same node.
This allows the application to quickly perform searches at the national level. The search engine selects metadata records that match input search expressions, using selected fields (e.g., title, abstract, keywords, in addition to spatial and temporal constraints). The search engine can also connect to the other facilitator nodes for multi-national searches, as well as to any other external catalogue configured by the node administrator.
Implementation of the software components at the facilitator nodes was guided by the goal of using open source tools, already very mature and extended in the geospatial realm. The programming language was Java and the main open source software packages used were:
Geonetwork (metadata manager and CSW server), MapBuilder library (map viewer), PostgreSQL/PostGIS (spatial database management), Apache (web server), and ExtJS library (graphical widgets).
The key to the project's success resided in server nodes providing WMS and CSW services. A total number of 26 server nodes to publish information were installed; some of them were shared by different organizations. Since most of the organizations had never previously published these web services before the PREDECAN project, they followed a training programme for data publishing together with continuous technical support provided during the project. In addition to installation and use of software tools, the training programme included a set of practical recommendations (Vargas et al., 2008a) about the use of standards for metadata and service publishing. For example, we followed the standards ISO 19115 (about information fields) and ISO 19139 (about exchange formats) to be used by metadata records. In addition, some practical recommendations dealt with organizing layers in WMSs, publishing map legends and feature information, and using a standard vocabulary in the metadata keywords (this vocabulary was implemented in the project in RDF format to be used by the Geonetwork metadata manager).
The same open source technologies used in the facilitator nodes (e.g., PostgreSQL, Geonetwork, MapServer and gvSIG) were recommended for use in the server nodes, providing a fully free and open solution. Some institutions also successfully integrated existing proprietary software systems into the SIAPAD network. For some institutions, the deployment of a metadata database and CSW server was not deemed to be worth the effort (set up and maintain additional software to publish a few metadata records) so in those cases an alternative mechanism was suggested via WebDAV folders, which are just file folders in the server nodes with metadata records stored in XML files. The Geonetwork software at the national facilitator nodes was able to harvest these folders and integrate their metadata into the national catalogue.
Technical tests were carried out to guarantee the correct operation of the whole system and to validate operational performance. This included a test with stress simulation software to evaluate the system performance with simultaneous requests. This evaluation showed acceptable answer times according to the technical requirements of the system, which was designed for a maximum of 1,000 concurrent users. For instance, with 100 simultaneous users, the average answer time was 0,51 seconds, rising to 2,8 seconds (still, within acceptable limits) for 1,000 concurrent requests. These results were obtained when the system was installed at the end of 2008. The tests were performed using a slow-average Internet connection as available in the region. The CSW protocol was also a time cost factor (regarding classification of results, obtaining thumbnail previews of map services, etc.). This had to be solved on the client side and therefore caused delay in presenting search results. However, this was considered preferable to using of a non-standard catalogue search service.
Participating Organizations
The development of the SIAPAD system was initiated in (Table 3) . Table 3 . Participating organizations in the SIAPAD network publishing disaster-related information.
Countries Categories Organizations
These organizations participated in the following ways:
 Collaborative design. Frequent international workshops about SIAPAD were organized with all the participants to collect opinions and requirements and to validate the partial and final technical solutions (e.g. about the user interface and the search language). The workshops were periodically organized and coordinated by the management team of the PREDECAN project.
 Information publishing. The organizations followed a training programme for information publishing with continuous technical support. Most of the organizations had never previously published WMS or CSW services. As a result of the development of SIAPAD, these organizations are part of the network of 5,131 information products that are now accessible through the GEORiesgo web application (see Table 4 ). Table 4 . Number of information products (published with metadata by information providers) for each risk management category and country.
SIAPAD also integrated other multinational information systems in the Andean region, which provide more specialized information. For example, (1) DesInventar is a distributed system with historical inventories of disaster effects (Velásquez, 2005) ; (2) 
Related Work
Spatial Data Infrastructures have evolved in recent years from theoretical framework to a legal and operational reality at many levels of organization. At the local level, municipalities all around the world, from Palestine (El-Atrash, et al., 2008) to Perú, (Murgia, et al., 2002) are now using GIS connected to geoservices to manage local resources and provide public services. In the European Union, the United States and other regions, national and multinational legal frameworks like the European Union INSPIRE Directive have also trickled down to local entities (Birch, 2010) . (Guimet, 2004; Strande, 2009 ).
In addition to the INSPIRE framework, there are other initiatives at the multinational level like the UNSDI (Henricksen, 2007) on SDI as a pilot project in Iran to facilitate disaster risk management. In contrast to this system, GEORiesgo is not a prototype but a fully operational implementation and it follows a multinational approach. Totolhua et al. (2008) developed the PDGP web application on SDI in
Mexico to facilitate disaster prevention. In contrast to PDGP, GEORiesgo includes other risk management processes and a multinational approach. In addition, compared to these web-based applications, an original contribution of GEORiesgo is its search model that helps users to formulate search queries. The model includes combination/translation rules and a disaster ontology (see section 4). GEORiesgo uses the model to operate as an expert search tool specialized in disasters that provides easier access for different types of users, taking into account differences in nation-dependent terminology.
Discussion
The development of SIAPAD contributed to the development of a complete thematic SDI in the Andean Community in the following way:
 Culturing information sharing. As a result of the development of SIAPAD, a total of 37 organizations participate as information providers. They provide public access through web services and standard metadata to their information products. This was facilitated by the development of a multinational training programme for these organizations with detailed recommendations on web services configuration and metadata creation, and continuous technical support for the organizations. Before the development of SIAPAD, there were not efficient mechanisms for information sharing other than coordination committees, some individual agreements and web pages with limited information. For certain institutions, selling data is part of their business model, so they are not able to publish free datasets.
However the use map services, which do not transfer data but rather map images, is well accepted by these organizations. Although this may seem obvious in other countries, the public access to maps is an important step towards the integration and exchange of geoinformation in the Andean region.
 Creating an access network. SIAPAD was designed as a service-oriented architecture with 26 server nodes and 4 facilitator nodes. The facilitator nodes include the web-based application GEORiesgo for information search and visualization. The GEORiesgo web application includes an innovative search engine with a knowledge-based solution that assists users to find information sources and a geographic viewer to visualize together maps from different sources and complementary thematic content in an integrated view.
 Standardization. The development of SIAPAD promoted the use of standard web services (e.g., WMS and CSW). An ontology of disaster-related terms was also created (in RDF format for the Geonetwork metadata manager) to help systems administrators to select keywords for metadata. The development of SIAPAD also contributed to identify differences among data representation (such as scale and symbols), especially in different countries. This is useful to establish data harmonization strategies.
Concerning the impact of this work in the disaster risk management processes, SIAPAD helps to make decisions related to disasters, providing accessibility to valuable information from multiple sources. The geographic viewer that integrates different geographic layers (hazards, population, infrastructures, etc.) makes it easier for end users to analyze diverse information about disaster risks. The integration of information from neighboring countries enables users to make decisions related to phenomena spreading across the borders (e.g., seismic or hydrometeorological phenomena). In addition to that, SIAPAD is also useful to observe the degree of implementation of risk management processes in each country. SIAPAD shows the available information corresponding to the different categories of risk management processes and, also, given the uniform multinational approach, permits users to compare the availability of this information in each country. This contributes to increasing awareness in the region about the benefits of disaster risk management processes, promoting the implementation of such processes without duplicated efforts.
Regarding future work related to SIAPAD, additional activities could be done in the following areas:
 Data harmonization. SIAPAD helped to identify differences in methodology, content and categorization among disaster related datasets. For instance, different countries use varied methods to calculate and represent derived data, like seismic risk, and in addition they are classified and displayed using different rules. Thus, when the corresponding map services are seen together, they do not match at the borders and can create confusion for the users.
Therefore, additional harmonization tasks should be carried out to facilitate the integration of these information sources.
 Web services. Besides the WMS and CSW standard web services promoted by SIAPAD, other standard geoservices (Web Feature Service -WFS-for raw vector data access, Web
Coverage Service -WCS-for raw raster data access and Web Processing Services -WPS-for server-side analysis) could be implemented in the future for geoprocessing-based analysis applications like risk assessment and real-time emergency impact evaluation. In addition, initiatives based on on-the-ground sensor networks (seismic, volcanic, hydrometric, etc.) should be explored to provide additional services based on open standards like Sensor Web Enablement (SWE) and Common Alerting Protocol (CAP). Furthermore, it is expected that mature technical solutions from the field of the Semantic Web (Berners-Lee et al., 2001) in the future could be used to promote information sharing with the help of common ontologies.
 Shared infrastructures. Especially in developing countries, using shared infrastructures provided by institutions is a useful strategy for organizations that are not able to afford the cost of implementing and maintaining their own information services. This goal can be achieved with the help of new tools to publish geoinformation in a cloud-based infrastructure instead of using hosted nodes, as promoted by Geosemantica (Escallón, 2005) .
 Information management. The development of SIAPAD helped to improve the organization of information within the different participating institutions, making the available datasets more accessible within these institutions. However, especially in developing countries, some institutional processes related to information management are weakly defined, which can significantly affect the sustainability of the system. Thus, these tasks should be formalized in more depth as an essential part of each institution's strategic plans and daily operations.
Conclusions
In summary, the main goal of SIAPAD was to increase the visibility and accessibility of information to improve disaster risk management in the Andean Community, a region frequently affected by disasters linked to the occurrence of natural phenomena (earthquakes, volcanoes, storms, etc.). We designed SIAPAD as a SDI-based architecture, which includes 26 server nodes and 4 facilitator nodes. We also developed the web-based application GEORiesgo for information search and visualization, using an innovative thematic knowledge-based search engine that helps users to find information sources. The development of SIAPAD contributed to the development of a culture of resource sharing in the region, with a total of 37 organizations from four different countries participating as providers of information products about disasters, made available through standard web services (e.g., WMS, CSW) and standard metadata.
The PREDECAN project finished in June 2009 with a complete implementation of SIAPAD.
SIAPAD can be considered a pioneer work in the sense that it is a fully operational system to share information about disasters across the Andean Community, a multinational developing region. It can be used as a model for the future development of information systems for disaster management and other related domains for other geographical areas (for example, in Central America, an information system is being built based on the SIAPAD model). An extensive application of this technology can contribute to improve the disaster risk management, especially in developing countries, with consequent important social and economic positive impacts.
